Fourteen patients who were 9 to 22 years of age and had surgical repair of coarctation of the thoracic aorta during childhood were subjected to strenuous upright exercise. Nine patients had satisfactory surgical repair by physical examination, four patients had residual gradients of 50, 34, 20, and 18 mm Hg across the surgical anastomosis, and one patient had mild to moderate aortic insufficiency. Prior to surgery all patients were hypertensive at rest. During postoperative follow-up 11 patients had resting supine systolic and/or diastolic pressures in the 90 to 95th percentile or greater, and three patients had normal blood pressures.
pARADOXICAL hypertension'-3 is a well-recognized entity which may occur immediately after surgical correction of coarctation of the thoracic aorta. Perhaps less well recognized is the persistence or recurrence of hypertension in many patients several years after surgical repair.
In adults with coarctation of the aorta, the development of premature cardiovascular disease and death has been related to the duration of pre-and postoperative hypertension.4 Since exercise produces a rise in blood pressure in normotensive and hypertensive subjects, this study was undertaken to evaluate the blood pressure and electrocardiographic responses during strenuous upright exercise of patients who had surgical correction of coarctation of the aorta during early childhood. Methods
Fourteen patients who were 9 to 22 years of age were studied six months to 15 years after surgical repair of coarctation of the thoracic aorta. The ages at operation were between 6 and 16 years ( fig. 1 ). Ten patients had an end-toend anastomosis, and four patients had a prosthetic graft.
Forty-three subjects who had normal resting supine blood From Suppleoment II to Circuilation, X*ols. 49 and 550, August 1974 pressures (BP), physical examinations, electrocardiograms (ECG), and chest radiographs were used as normal controls. Their ages ranged from 7 to 23 years, and two additional controls were 27 and 41 years. In the patient and control groups, resting supine BP were compared with previous values reported by Londe,5 Heyden,' Masland,7 and their associates. Diastolic pressures were recorded at the time when the Korotkoff sounds diminished. If there was a difference of more than 5 mm Hg between the diminution and disappearance of the Korotkoff sounds, both readings were recorded for diastolic pressure. The patients and controls were divided into three groups. Group I consisted of 8 male patients and 17 male controls whose body surface areas (BSA) were 1.2 m2 or greater. Group II consisted of 4 female patients and 10 female controls whose BSA were 1.2 m2 or greater. Group III consisted of two patients, one male and one female, whose BSA were between 1.1 and 1.19 m2.
The exercise was performed on a Quinton Instruments uniwork ergometer (model 844). The Goldberg continuous graded exercise program8 with modification was used in our laboratory ( fig. 2 ). Indirect blood pressure was measured by a Narco Bio-Systems programmed electrosphygmomanometer (model PE-300). The pneumatic cuff covered at least two-thirds of the arm. Pre-exercise supine and sitting BP were taken in the right arm in all subjects except one patient, whose left arm was used because of previous ligation of an anomalous right subclavian artery. Heart rate (HR) was obtained from the ECG which was recorded by Hewlett-Packard automatic cardiograph (model 1513 A). A 12-lead ECG was recorded in the supine and standing positions with and without hyperventilation.
During exercise each subject was urged to continue until his maximum voluntary exercise capacity was reached. BP 11-27 physical examination. Nine patients had normal femoral pulses, and four patients had slightly delayed and/or diminished pulses. The pre-exercise electrocardiograms were normal in six, left ventricular hypertrophy was present in four, left posterior hemiblock in one, right ventricular hypertrophy and left axis deviation in one, and incomplete right bundle-branch block in two. The pre-exercise sitting heart rates were between 80 and 120 beats/min in both groups. Five of the 14 patients were catheterized 1 to 12 years after surgery. Four patients had gradients of 50, 34, 20, and 18 mm Hg across the surgical anastomosis. The other patient had a gradient of 10 mm Hg across the aortic valve and no gradient across the surgical anastomosis.
were measured every two to three minutes, and precordial leads V1, V,, and V, were recorded simultaneously every minute. The exercise procedure was stopped if the following occurred: systolic pressure 230 mm Hg, diastolic pressure > 120 mm Hg, ST segmental depression 3 mm below the baseline, or serious arrhythmias. After exercise the subjects were placed immediately in the supine position with frequent measurements of BP, ECG, and HR recorded during a 20-minute postexercise period.
Results
Preoperatively, hypertension was present in all of the patients. Postoperatively, six patients had resting supine systolic and diastolic pressures in the 90th percentile or greater, five patients had resting supine systolic pressures in the 90th percentile or greater, and three patients had normal resting supine BP.
A systolic murmur was audible over the precordial and/or paravertebral areas in each patient. One patient had mild to moderate aortic insufficiency on GRADED This male group consisted of 9 patients and 17 controls. In the patients the BSA were between 1.2 and 2.16 m2. The pre-exercise supine systolic pressure ranged from 118 to 178 mm Hg and diastolic pressure from 68 to 98 mm Hg ( fig. 3 ). On sitting systolic pressure increased by 10 to 14 mm Hg in four, decreased by 10 mm Hg in one, and remained unchanged in four. Diastolic pressure increased by 10 to 30 mm Hg in four and remained unchanged in five. In both positions the pulse pressures ranged from 42 to 112 mm Hg and 32 to 114 mm Hg, respectively ( fig. 4 ). ECG revealed no abnormal ST segment or T-wave changes in the precordial leads.
During exercise systolic pressure increased to 244 to 270 mm Hg in three, 174 to 220 mm Hg in three, and Modified Goldberg continuous graded exercise workload schedule. The workload schedule is dependent on body surface area (BSA). Each workload is maintained for three minutes at a pedal speed of Pre-exercise systolic (S) and diastolic (D) pressures in the supine and sitting positions in the male patients and controls in group I with a BSA > 1.2 m2. There is minimal difference in pressure from the supine to the sitting position. The control group's systolic and diastolic pressures are below the 90th percentile (broken line). In the patient group a greater variation of systolic and diastolic pressures is observed with five patients having systolic pressures above the 90th percentile. .Stipplernient 11 to Circtslation, Vols. 49 and 50, Atiguist 1974 0n, 11-28 4 2 c pressure decreased by 10 to 30 mm Hg in six, remained unchanged in two, and was unobtainable in one. Pulse pressure ranged from 80 to 230 mm Hg. Two patients developed 2 mm to 4 mm ST segmental depression in V5 and V6. The latter patient had a residual gradient of 34 mm Hg across the surgical anastomosis ( fig. 6 ).
In the 17 controls of this group, the BSA were between 1.2 and 2.38 m2. In the sitting position the pre-exercise systolic pressure ranged between 102 and 130 mm Hg, diastolic pressure between 60 and 80, and pulse pressure between 32 and 54 mm Hg. These values were not significantly different from the normal supine values. During exercise systolic pressure ranged between 120 and 190 mm Hg, diastolic pressure between 60 and 96 mm Hg, and pulse pressure between 54 and 130 mm Hg. The diastolic pressure did not decrease in any of the controls.
Group II
This female group consisted of four patients and ten controls. In the patients the BSA were between 1.27 and 1.64 m2. Pre-exercise supine systolic pressure ranged from 116 to 174 mm Hg and diastolic pressure from 64 to 88 mm Hg ( fig. 7 ). On sitting systolic pressure increased by 14 to 18 mm Hg in three and remained unchanged in one. Diastolic pressure increased by 18 to 24 mm Hg in two and remained unchanged in two. Supine and sitting pulse pressures were 50 to 100 and 42 to 100 mm Hg, respectively ( fig. 4 ). ST segment and T waves were normal in the precordial leads V1, V5, and V6.
During exercise systolic pressure increased to 230 to 235 mm Hg in three and 220 mm Hg in one patient ( fig. 8 In the ten controls of this group, the BSA were between 1.2 and 1.8 m2. In the sitting position systolic pressure ranged from 92 to 132 mm Hg, diastolic pressure from 60 to 82 mm Hg, and pulse pressure from 32 to 54 mm Hg. These values were not significantly different from the supine values. During exercise systolic pressure ranged from 125 to 180 mm Hg, diastolic pressure from 65 to 100 mm Hg, and pulse pressure from 60 to 110 mm Hg.
Group III
This group consisted of one male and one female patient and 17 male and female controls. In the patients the BSA were 1.03 m2 (female) and 1.16 m2 (male). Supine BP were normal. The sitting BP were 130/88 mm Hg (female) and 130/80 mm Hg (male). During exercise the maximum BP were 170/100 mm Hg (female) and 160/70 mm Hg (male). In the 17 male and female controls, the BSA were between 1 and 1.19 M2, the pre-exercise sitting systolic pressures were between 94 and 122 mm Hg, and diastolic pressures between 64 and 76 mm Hg. Pulse pressures were between 24 and 50 mm Hg. These values were not significantly different from the supine values. During exercise systolic pressures were between 120 and 180 mm Hg, diastolic pressures between 60 and 90 mm Hg, and pulse pressures between 44 and 110 mm Hg.
In group III the pre-exercise systolic and diastolic pressures in the two patients were above the 90th percentile for age. During exercise the two patients' systolic pressures were above the mean value of the control group, and the diastolic pressure was abnormal in the female.
BLOOD PRESSURES-PRE-EXERCISE FEMALES

All Groups
In both patients and controls, the maximum heart rates reached during exercise were between 140 and 220 beats/min. At the maximum heart rate, 1 to 2 mm ST segmental depression in V5 was recorded in three patients and seven controls. The procedure was stopped at submaximal level in six patients whose systolic pressure was . 230 mm Hg and in two patients whose ST segments were > 3 mm below the baseline. The postexercise blood pressure returned to pre-exercise levels within three to four minutes in the Pre-exercise systolic (S) and diastolic (D) pressures in the supine and sitting positions in the female patients and controls in group II with a BSA > 1.2 m2. There is minimal difference from the supine to the sitting position. The control systolic and diastolic pressures are below the 90th percentile (broken line). The patient pressures are near or above the 90th percentile. 
Discussion
In adults with coarctation of the aorta, cardiovascular changes at rest and during supine exercise have been studied during pre-and postoperative catheterization.9 The follow-up catheterizations were done between 6 and 18 months after surgery. The major changes which occurred after surgery were the large reduction of systolic, diastolic, and mean arterial pressures at rest and especially during exercise. Our study differed from that of Taylor and Donald9 in that our patients were exercised in the upright position on a continuous graded exercise program. This approach is more strenuous than intermittent exercise in the supine position. The ages at the time of operation and the time of the follow-up examinations were also different. Because of these factors, the data from these two studies cannot be compared.
In the pediatric population resting supine blood pressures increase normally with age.5 The control group (figs. 9 and 10) demonstrated a slight rise in maximal systolic and diastolic pressures during exercise with increasing age and physical size. After resection of coarctation, the patients had a greater rise in systolic pressure and marked variability in diastolic pressure during exercise. This change in systolic pressure in the patients as compared with the controls is more than expected from normal growth.
Although intra-arterial measurements were not done during exercise, the indirect blood pressure measurements were reproducible during each examination and re-examination in the control group as well as in the patients who were treated for coarctation of the aorta. In the present report all patients were hypertensive prior to operation. We do not know the significance of this finding in the interpretation of postoperative systolic hypertension during exercise. Similar investigations must be done in patients with coarctation of the aorta who are normotensive preoperatively.
Paradoxical hypertension which produces a significant elevation in systolic and diastolic pressures occurred in five patients in the immediate postoperative period. Each of these five patients developed abnormal systolic pressures during exercise. Their diastolic pressure remained unchanged or decreased. Three of the five patients had residual gradients across the surgical anastomosis. The significance of the paradoxical hypertension to the abnormal systolic pressure during exercise is difficult to determine from our data.
Because of the inappropriate rise in systolic pressure during exercise, we have speculated that there is involvement of the major arterial vessels. Perhaps the lack of normal pulsatile flow below the area of coarctation resulted in hypoplasia or underdevelopment of the major arterial tree. The absence of significant rise in diastolic pressure suggests a normal peripheral Maximal systolic and diastolic pressures during exercise according to age. In the control group a slight increase in systolic and diastolic pressures occurred with increasing age. In the patient group a greater rise in systolic pressure and greater variability in diastolic pressure occurred with increasing age.
Supplement II to Circutlation, Vols. 49 Maximal systolic and diastolic pressures during exercise according to the body weight (kg) per unit of body height (ni). In the control group a slight increase in systolic and diastolic pressures occurred with increasing weight. In the patient group a greater rise in systolic pressure and greater variability in diastolic pressure occurred with increasing weight.
resistance at the level of the small arterial vessels. Furthermore, a minor obstruction at the anastomotic site, which may not be detected on an examination at rest, may be greatly aggravated during exercise. At the present time we do not have blood pressure measurements during exercise proximal and distal to the anastomotic site. Another factor which may contribute to systolic hypertension during exercise is aortic insufficiency. Since aortic valve anomalies are commonly associated with coarctation of the aorta,'0 aortic insufficiency may possibly develop during strenuous exercise. In our patients a significant aortic diastolic murmur was not audible during exercise. One patient who had resection of coarctation with residual aortic insufficiency developed a maximal blood pressure of 212/68 mm Hg during exercise, although in this instance the rise in systolic pressure was not inappropriate. Severe intimal and atheromatous changes in the coronary arteries have been reported in young patients with coarctation of the aorta." These changes were considered to be a reaction to coronary artery hypertension. The ST segmental depression in figure 6 seems inappropriate for this patient who has a resting residual gradient of 34 mm 1-g across the anastomotic site. The significant ST segmental depression in the two patients (one male, one female) in our study may be related to coronary artery disease and an increased left ventricular mass causing an ischemic myocardium during exercise.
This study demonstrated an inappropriate rise in systolic pressure during continuous graded exercise in 9 of 14 patients who were evaluated several years after surgical resection of coarctation of the aorta. Two patients with residual obstruction at the anastomotic site developed significant ST segmental depression during exercise. These results suggest that surgical repair of coarctation of the thoracic aorta may not cure pre-existing hypertension and that significant elevation of blood pressure may occur at rest and during exercise in this young, active population. correlation between the degree of pressure abnormality and the age at which coarctation was repaired or the severity of hypertension immediately after operation?
Dr. James: No, I found that patients who were operated on early and those operated on late developed the same changes during exercise. The degree of changes in the electrocardiogram did not show any relationship to the severity of the coarctation nor did it show any relationship to the time of operation.
Dr. Warren G. Guntheroth, Seattle, Washington: There was one interesting aspect that occurred to me, and I am sure you have ruled it out. That is, the increasing degree of hypertension with increasing age could also be explained by obesity or a cuff size which would be a little too small for the limb. Is this a conceivable explanation for your observation? I am just attempting to be optimistic. I hate to think of all those patients who have undergone surgery for coarctation developing progressive hypertension. Dr. James: No. I think the last illustration is very helpful in that the data in it are corrected for body weight. The rise in systolic pressure that we see normally with increasing weight does not explain the degree of hypertension that we saw.
Dr. Cumming, Winnipeg, Canada: I wondered if you had obtained any intra-arterial or intra-aortic pressure measurements? There may be a considerable difference between central aortic pressure and peripheral arterial pressure during exercise. Our own data would suggest that this difference is accentuated in coarctation patients, and central aortic pressure can Supplement II to Circutlation, Vols. 49 and 50, August 1974 be up to 50 mm less than brachial artery pressure. A similar difference may occur in patients with mild or moderate aortic regurgitation. I wondered if you made similar observations. Dr. James: We do not have simultaneous catheterization data to compare with our technique. The resting pressures at catheterization tended to correlate very well with our resting pressures at the time of exercise.
Dr. Courtenay Anthony, Memphis, Tennessee: Did you notice any correlation between those patients that had more pronounced elevations with exercise and the incidence of hypertensive complications in the immediate postoperative period?
Dr. James: We were unable to find any definite correlation between our exercise results and the presence of paradoxical hypertension or postcoarctectomy syndrome.
Dr. Dodd, Philadelphia, Pennsylvania: Did anyone do ophthalmalogical examination of the funduscopic appearance of the arteries before or at any time after the surgery to try to correlate your agonizing figures there with arteriolar appearance? Dr. James: Funduscopic examinations were not available on all patients, but 50% of the examined patients had normal fundi.
Dr. Steinfeld, New York, New York: As you probably recall from our recent paper, there were marked discrepancies between the direct and indirect arterial pressures in the age group that you studied. Did you have any validating evidence that your indirect pressures were correct? We found errors in the range of 20 to 25 mm Hg not uncommon in this age group.
Dr. James: I recognize your point. We did not have simultaneous intra-arterial studies with our indirect measurements.
Dr. Mark, Richmond, Virginia: Did you have any studies on any of your patients of peripheral renin 11-.33
